background: Clinical-grade human embryonic stem cells (hESCs) ideally should be derived and maintained in xeno-free culture conditions using defined chemicals or materials of human origin. This will reduce the possibility of xeno-derived pathogenic infection and/or unfavorable immune reaction in clinical application. The present study therefore aimed to derive autogenic feeders from hESCs and evaluate their capability to support the pluripotency of hESCs in xeno-free culture conditions. methods and results: H9 hESCs were cultured in media containing human serum (HS), serum replacement (SR) or KFM combination, to generate autogenic feeders (named HSdF, SRdF and KFMdF, respectively). Reverse transcription polymerase chain reaction, flow cytometry and immunofluorescence analysis using pluripotent stem cell markers, markers of early cell lineages and surface markers revealed that HSdF, SRdF and KFMdF likely belonged to different cellular subpopulations. The efficiency of the autogenic feeders in maintaining pluripotency of H9 hESCs using media containing SR, fetal bovine serum, HS or 1% HS plus various combinations of growth factors was evaluated by flow cytometric analysis of Oct4 expression. All three autogenic feeders were shown to be capable of maintaining the undifferentiated status of H9 hESCs in SR-containing media in long-term culture. When supplemented with bFGF, activin A and noggin, hESCs could also be maintained favorably on KFMdF in a medium containing 1% HS without losing their pluripotent potentials both in vitro and in vivo.
Introduction
Human embryonic stem cells (hESCs) have traditionally been cultured directly on feeder cells (Chen et al., 2007) or on extracellular matrix supplemented with conditioned medium (CM) obtained from feeders cells, such as mouse embryonic fibroblasts (MEF) or mouse fibroblast cell lines (e.g. STO cell line) (Park et al., 2004) . In recent years, in order to reduce the risks of xeno-or animal-related pathogenic contaminations, hESCs have also been derived and maintained in a variety of feeders from human sources, including fetal foreskin fibroblast (HF) (Hovatta et al., 2003; Choo et al., 2004) , fetal skin and muscle cells, adult muscle cells (Fong and Bongso, 2006) , adult fallopian tube epithelial cells (Richards et al., 2002) , bone marrow cells (Cheng et al., 2003) and placenta-derived cells (Miyamoto et al., 2004) . Feeder-free culture systems using animal-derived extracellular matrix (like Matrigel) supplemented with CM obtained from co-culture with various feeder cells have also been used successfully (Xu et al., 2001) . All these culture systems have been efficient in maintaining the undifferentiated growth of hESCs (Xu et al., 2001; Richards et al., 2002; Cheng et al., 2003; Hovatta et al., 2003; Choo et al., 2004) . However, the use of human feeders and CM does not completely eliminate the risks of contaminating hESCs with infectious agents from the donor human feeders. In addition, from the clinical point of view, these hESCs will not be unanimously suitable for cell-based transplantation therapy, since the culture environment for these cells was not xeno-free. A culture condition contaminated with animal substances or chemicals always raises the concern about transmission of foreign pathogens or induction of unfavorable immune-related responses in the cells. In addition, it is now the right time to consider good manufacturing practice quality hESCs for use in clinical medicine (Unger et al., 2008) . Therefore, it is important to derive and maintain novel hESC lines in carefully designed, controlled and, especially, xenofree culture conditions. For this purpose, several approaches, including the use of human feeders (Richards et al., 2002; Cheng et al., 2003; Hovatta et al., 2003; Choo et al., 2004) , media containing human serum (HS) (Chase and Firpo, 2007; Navarro-Alvarez et al., 2008) or combinations of various growth factors/cytokines and extracellular matrix from human origins (Ludwig et al., 2006) , have been demonstrated to be effective in supporting the long-term growth of hESCs. Recently, a chemically defined medium supplemented with humanderived growth factors has been used to derive and maintain hESCs lines (Ludwig et al., 2006) . However, this defined culture system was expensive and its long-term effect on the genetic integrity of hESCs needed further investigation. Other approaches including modulation of the Wnt pathway by the addition of 0 -oxime, a GSK-3-specific inhibitor), or modulation of the TGFb pathway by supplementing activin A and/or nodal, have also favorably maintained the self-renewal of hESCs (Sato et al., 2004; Beattie et al., 2005; Dravid et al., 2005; James et al., 2005; Vallier et al., 2005; Xiao et al., 2006) . Using the above information, some commercial media and various protocols have recently become available to support the culture hESCs on feeder-free and serum-free conditions, but with various success (Rajala et al., 2007) . The other alternative is the use of autogenic feeders derived from hESCs. Previous reports showed that these types of feeder cells could successfully support hESCs in an undifferentiated state (Xu et al., 2004; Stojkovic et al., 2005; Yoo et al., 2005; Choo et al., 2008; Gonzalez et al., 2008) . However, the autogenic feeders described in the above reports were derived in fetal bovine serum (FBS)-containing media and thus were not xeno-free (Xu et al., 2004; Stojkovic et al., 2005; Yoo et al., 2005) . This study therefore aimed to derive and characterize autogenic feeders from hESCs in xeno-free culture conditions or conditions with minimal serum components. Subsequently, we also evaluated the function of these autogenic feeders in maintaining self-renewal of hESCs in xeno-free culture conditions. It was hoped that this study could effectively advance the field of xeno-free culture for hESCs.
Materials and Methods

Establishment of hESCs-derived autogenic feeders
The H9 hESCs line (WiCell, WI, USA), CCD-1112SK [human foreskin fibroblasts (HF), ATCC CRL-242] and MEF were used in this study. The MEF were obtained from the fetuses derived from 13.5-day-old pregnant ICR mice. The cells were cultured in a T75 flask in 5% CO 2 humidified air at 378C until confluence, using a medium containing Dulbecco's Modified Eagle Media (DMEM) plus 10% FBS. The MEF were usually used between the first and the third passages. Before culturing hESCs, the MEF cells were treated with mitomycin-C (10 mg/ml, Sigma), trypsinized and re-plated on the 6 cm culture dishes with a density of 1 -2 Â 10 4 cells/ cm 2 (Kuo et al., 2003) . H9 hESCs were usually cultured on MEF feeders in DMEM/F12 medium plus 20% Knockout Serum Replacement (SR, Invitrogen) and bFGF (4 ng/ml, Sigma). The hESCs colonies were split every 5 -7 days by manual splitting. The expansion of HF cells was carried out by culturing HF cells in Iscove's Modified Dulbecco's Medium containing 4 mM L-glutamine (Invitrogen), 1.5 g/l sodium bicarbonate (Invitrogen) and 10% FBS (Hyclone). HF cells were inactivated by mitomycin-C (10 mg/ml, Sigma) and replated onto culture dishes prior to hESCs culture. For the derivation of autogenic feeder cells from H9 hESCs, the following steps were performed. After treatment with dispase, hESCs clumps from each of the 60 mm culture dishes of 70 -80% confluence were split and transferred into two wells of the low attachment 6-well culture plate (Corning) and cultured in DMEM/F12 basal medium plus either 20% HS (Sigma), 20% SR or KFM combination [1Â N2 supplement (Invitrogen) þ 1Â ITS supplement (Invitrogen) þ bFGF (10 mg/ml, Sigma)] for embryoid bodies (EBs) formation. The DMEM/F12 basal medium was composed of DMEM/F12 medium (Invitrogen) þ L-glutamine (Invitrogen) þ non-essential amino acid (NEAA, Invitrogen) þ b-mercaptoethanol (Sigma) and 1Â antibiotics (penicillin and streptomycin, Invitrogen). After 7 days, the EBs from each well of the low attachment 6-well culture plate were collected and transferred into 1 well of the standard 6-well culture dishes for adherent culture using the same medium as for EBs formation. The outgrowing cells from the attached EBs were collected and split periodically until a stabilized cell population (the autogenic feeder cells, approximately after 5 -7 passages in various culture conditions, respectively) was established. The autogenic feeders derived from media containing HS, SR and KFM combination were named HSdF, SRdF and KFMdF, respectively.
Culture of H9 hESCs directly on autogenic feeders and CM obtained from these feeders H9 hESCs were cultured on mitomycin C-treated MEF, HF, HSdF, SRdF or KFMdF, in SR-ESC medium at a density of 1 -2 Â 10 4 cells/cm 2 . The SR-ESC medium consisted of 80% DMEM/F-12 medium, 20% SR, 1% NEAA, 1Â antibiotics (penicillin and streptomycin), 0.1 mM b-mercaptoethanol, 2 mM L-glutamine and 4 mg/ml bFGF. The medium was changed daily. H9 hESCs were split every 6 -7 days by mechanically slicing morphologically undifferentiated colonies and transferring cell clumps into new dishes containing fresh feeders. To test the capability of the autogenic feeders to support the feeder-free culture, the H9 hESCs were also cultured on Matrigel (BD Biosciences) using CM obtained by culturing various feeders (MEF, HF and autogenic feeders) in SR-ESC medium. For the evaluation of HS on the maintenance of hESCs, 20% SR in SR-ESC medium was replaced by HS (1%, 10% or 20%, respectively). For the purpose of identifying the potential effects of bFGF, activin A and noggin combining HS on hESCs culture in the autogenic feeders, H9 hESCs were grown on KFMdF in media containing 1% HS plus various combinations of bFGF (10 ng/ml, Sigma), activin A (50 ng/ml, R&D systems) and/or noggin (100 ng/ml, R&D systems) for 30 days, and then were subjected to flow cytometric analysis. For the evaluation of the effects of initial adaptation in media containing serum, the hESCs were first cultured in a medium containing 80% DMEM/F-12 medium and 20% FBS for 30 days and examined for pluripotency marker expression. These adapted hESCs were then cultured on HSdF or SRdF autogenic feeders in media containing 20% FBS or various concentrations of HS (5%, 10% and 20%) for 7 days, and then the quantitative percentages of hESCs expressing Oct4 were examined by flow cytometry.
Immunofluorescence analysis
The cells (hESCs or feeder cells) were first washed with PBS three times and fixed with 4% paraformaldehyde in PBS. This was followed by permeabilization and blocking with 0.2% Triton X-100 (Sigma) and 2% goat serum (Jackson Immunoresearch Laboratories), respectively. The cells were then incubated with primary antibody overnight at 48C. The primary antibodies included antibodies against Oct4, P63 (Santa Cruz), vimentin, nestin, Sox1, stage-specific embryonic antigen-1, 3 and 4 (SSEA1, SSEA3 and SSEA4), TRA-1-60 (Chemicon), Sox2, Sox17 and brachyury (R&D Systems). On the next day, the cells were washed three times with PBS, incubated with secondary antibodies conjugated with fluorochromes (Jackson Immunoresearch Laboratories) for 40 min and stained with 4, 6-diamidino-2-phenylindole (DAPI) for 10 min in the dark. The cells were washed with PBS again three times and then mounted with Vectashield mounting solution (Molecular Probe). Immunofluorescence (IF) staining of the cells was observed under a Leica FW4000 confocal microscope or epifluorescence microscopy with fluorescent optics.
Reverse transcription -polymerase chain reaction study
At pre-set points of time, H9 hESCs or various types of feeder cells cultured in 6 cm culture dishes were removed by trypsinization and treated with RLT lysis buffer. Total RNA was isolated from the cells using RNAeasy extraction kit (RNeasy Mini Kit; Qiagen). To eliminate contamination by genomic DNA, 1 mg of total RNA was treated with DNase I (1 U, Invitrogen) for 15 min at 258C and then DNase I was inactivated with 25 mM EDTA (pH 8.0; Invitrogen) at 658C for 10 min. Reverse transcription and first strand cDNA synthesis were carried out using the SuperScript TM III One-Step reverse transcription -polymerase chain reaction (RT -PCR) system with the Platinum Taq DNA polymerase kit (Invitrogen) according to the manufacturer's instructions. The first strand cDNA was further amplified by PCR using individual primer pairs for specific marker genes. The sequence of each pair of primers is listed in Table I . The PCR was performed according to the following protocol: annealing at 558C for 30 min, extension at 948C for 2 min and then 948C for 30 s, 558C for 30 s and 688C for 30 s and a final extension at 728C for 15 min. The PCR was repeated for 35 cycles. All PCR samples were analyzed by electrophoresis on 2% agarose gels, containing 0.5 mg/ml ethidium bromide (Sigma).
Flow cytometric study
The surface antigen profiling of autogenic feeders derived from different culture conditions was analyzed by flow cytometry using CD markers including CD31 (PECAM-1, eBioscience), CD71 (transferrin receptor, BD Biosciences), CD90 (THY-1, BD Biosciences) and CD44 (Pgp-1, BD Biosciences). For the purpose of quantitation of the pluripotent status of hESCs after culture in various conditions (different feeders and CM), cells were analyzed by flow cytometry for Oct4 (pluripotency-related marker, Santa Cruz). Secondary antibodies included goat anti-rat IgG (Alexa Fluors 488) and goat anti-mouse IgG (Alexa Fluors 488). Briefly, hESCs or hESCs-derived feeders cultured on 6 cm dishes were treated with 0.25% trypsin-EDTA for 5 min and dissociated into single cells. The cells were then fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.2% Triton X-100 and 0.1% Tween-20 at RT for 40 min, blocked by 2% normal goat serum for 40 min at RT, washed, incubated with primary antibody overnight at 48C, washed, treated with secondary antibody for 40 min at 48C in the dark, washed and then analyzed by flow cytometry. As a negative control, the cells were stained with the appropriate isotype-matched control. Flow cytometric analysis was performed using a FACSCalibur Flow Cytometer (BD Biosciences) and the acquired data were analyzed using WinMDI 2.9 software.
In vitro differentiation
For in vitro differentiation, hESCs colonies were scraped off the dish as entire pieces, aspirated carefully into a 5 ml pipette and transferred onto Ultra Low Attachment plates (Corning Costar) for EBs formation. The medium was changed daily during this period (5 -7 days) using the same medium as for routine hESCs culture. EBs were then transferred onto gelatin-coated culture dishes in SR-ESC medium for 24 h to allow attachment of the EBs, and the medium was replaced the next day with the N2 medium [consisting of DMEM/F12 supplemented with NEAAs, L-glutamine and N-2 supplement (10 ng/ml)]. The medium was changed every 2 days. 
Teratoma formation
NOD-SCID mice. About 6 -10 weeks after injection, teratoma formed and were excised and fixed with 4% paraformaldehyde overnight at 48C. The specimens were then transferred into 30% glucose for 48 h before embedding for cryosection. The samples were then cut at a thickness of 10 -20 mm and transferred to Poly-D-Lysine-coated slides. Sections were subjected to immunohistochemical and histological analysis for markers of embryonic germ layers. All the animal experiments were approved by the Animal Care and Use Committee of Academia Sinica and performed in accordance with the Institutional Animal Care and Use Committee guidelines of Academia Sinica.
Statistical analysis
Statistical analysis was performed using the SPSS statistical package (SYSTAT Software Inc.). Differences were evaluated by Student's t-test, paired t-test and ANOVA test. A P-value of ,0.05 was considered statistically significant.
Results
Derivation and characterization of autogenic feeders derived from hESCs
After plating on culture dishes, the EBs proliferated and apparent outgrowths of the differentiated hESCs were found. The outgrowing cells were collected and split periodically. After successful derivation, the cells were called: HS-derived fibroblast-like feeder (HSdF) if they were cultured in a medium containing HS (DMEM/F12 medium þ 20% HS), SR-derived fibroblast-like feeder (SRdF) if cultured in a medium containing SR (DMEM/F12 medium þ 20% SR) or KFM combination-derived fibroblast-like feeder (KFMdF) if cultured in a medium containing KFM combination. The morphology of HSdF, SRdF and KFMdF was observed and compared under a light microscope (Fig. 1A) . It was found that the three feeders had some minor morphologic differences. For example, the SRdF cells were slender in shape, and the HSdF cells were more flattened and irregularly polygonal (Fig. 1A) . In addition, we were repeatedly able to generate hESCs-derived feeders using the protocol presented in this study.
To analyze whether KFMdF, HSdF and SRdF belonged to similar cell subpopulations, these feeder cells were subjected to IF staining (Oct4, nanog, Cdx2, vimentin, nestin, P63 and SSEA1), flow cytometric assay (CD markers including CD31, CD44, CD90 and CD71) and RT-PCR analysis (Oct4, nanog, Gata4, Sox1, Pax6, brachyury and Pdx1) (Fig.1B -E) . For each flow cytometric experiment, 1 Â 10 4 cells were analyzed and tests were repeated for at least 3 -5 times for each cell type. It was found that all three feeders (KFMdF, HSdF and SRdF) expressed CD90, but not CD31 and CD71. Both HSdF and SRdF expressed CD44, but KFMdF did not ( Fig. 1C and E ). This experiment suggested that these autogenic feeders contained predominantly fibroblast-like cells. In addition, the absence of CD44 expression in KFMdF and the relatively lower level of CD90 expression in SRdF suggested that these feeders likely belonged to different cell subpopulations, although they all originated from the same hESCs line. The IF experiments showed that all three tested feeders expressed vimentin and nestin ( Fig. 1B and E ), which were comparable with the results of the CD markers, but only HSdF expressed SSEA1 and P63 ( Fig. 1B and E) . RT-PCR identified and confirmed the findings of IF (Oct4) about the down-regulation of stemness genes (such as Oct4 and nanog) ( Fig. 1D and E) . Both SRdF and KFMdF expressed Pax6, but HSdF did not ( Fig. 1D and E) . Taken together, H9 hESCs-derived autogenic feeders are composed predominantly or totally of fibroblast-like cells, but the difference of components (HS, SR and KFM combination) in media used during derivation led to the differences in the cell subpopulations in the feeders.
Culture and characterization of H9 hESCs grown on HSdF, SRdF, KFMdF, HF and MEF in a serum-free (SR-containing) medium
The H9 hESCs were directly cultured on the autogenic feeders (HSdF, SRdF and KFMdF) or on Matrigel using CM obtained from these feeders to test and compare their efficiency on supporting the selfrenewal of hESCs. Some of the representative data are shown in Fig. 2 . It was found that after 4 weeks using a serum-free (SR-containing) medium in the culture, there were no significant morphologic differences between the H9 hESCs cultured on different feeders ( Fig. 2A) . On each feeder type, the H9 hESCs formed typical hESCs colonies with homogeneous cell populations and sharp colony margins, and the expected high nucleus/cytoplasm ratio remained in the individual cells ( Fig. 2A) . Furthermore, IF was done to test the stem cell marker expression (SSEA3, SSEA4, TRA-1-60 and Oct4) in H9 hESCs. It was found that the expression of all the tested stem cell markers was not significantly different between hESCs cultured on three autogenic feeder types (Fig. 2B ) and those cultured on MEF (data not shown). This indicated that these autogenic feeders could favorably maintain the H9 hESCs in an undifferentiated state. RT -PCR further confirmed the expression of typical stem cell markers in H9 hESCs after culture on these autogenic feeders, when compared with culture on HF (Fig. 2C) . For quantitative assessment of pluripotent identity, flow cytometric analysis was carried out to analyze the expression of Oct4 protein expression in H9 hESCs after culture on different feeders for 4 weeks. In each test, 1 Â 10 4 cells were analyzed and multiple tests (6 or more)
were repeated for this experiment to reach a firm statistical conclusion. It was found that all three autogenic feeders could support the expression of Oct4 in H9 hESCs to a level similar to MEF in SR-containing medium (Fig. 2D) . However, the CM derived from autogenic feeders was not as efficient as the original feeder types in maintaining the self-renewal of H9 hESCs (Fig. 2D ). In addition, we have already maintained H9 hESCs in the above culture condition for more than 5 months (25 passages) without any detectable changes of the hESCs.
Culture of H9 hESCs on autogenic feeders in media containing HS
In order to explore the possibility of creating a complete xeno-free culture environment for hESCs maintenance, we then investigated the effects of HS on hESCs culture on the autogenetic feeders. H9 cells were cultured using different autogenic feeder types in ESC media containing 1%, 10% or 20% of HS, 20% SR or 20% FBS. The data demonstrated that the autogenic feeders could not effectively support the pluripotency of hESCs after 3 weeks of culture in the presence of higher concentrations of HS (10% and 20%), as the majority of H9 cells lost their Oct4 expression (Fig. 3) . After culture for three passages, the hESCs colonies lost the typical morphology of a stem cell colony (Fig. 3A) . We also noted that a lower concentration (1%) of HS seemed to function relatively well to support the growth of H9 cells, as demonstrated by flow cytometric analysis of the Oct4 expression and morphological traits ( Fig. 3A and B) . Interestingly, the expression of Oct4 was also rapidly down-regulated when H9 cells were grown on MEF in a medium containing a high concentration of FBS. Moreover, among the three autogenic feeder types, KFMdF produced a better efficiency on maintaining H9 cells in the medium containing 1% HS (Fig. 3B) , compared with HSdF. Taken together, the results demonstrated that HS had a dose-dependent detrimental effect on the maintenance of hESCs, irrespective of the types of the autogenic feeder used in experiments. SRdF, serum replacement-derived autogenic feeder; HSdF, human serum-derived autogenic feeder; KFMdF, KFM combination-derived autogenic feeder; HF, human foreskin fibroblast feeder; SRdF-CM, CM obtained from SRdF; HSdF-CM, CM obtained from HSdF; KFMdF-CM, CM obtained from KFMdF; MEF, mouse embryonic fibroblast feeder (using a medium containing 20% SR).
The efficiency of bFGF, noggin and activin A in improving the function of autogenic feeders in the presence of HS
To identify possible factors that may overcome the detrimental effects of HS on hESCs when cultured on autogenic feeders, we investigated the function of three growth factors, bFGF, activin A and noggin, which have previously been reported to be beneficial in hESCs culture. The H9 hESCs were cultured on KFMdF in a medium containing 1% HS supplemented with different combinations of bFGF, noggin and/or activin A for four passages and then examined. It was found that although bFGF alone or bFGF þ noggin were not effective, the Figure 3 The morphology and flow cytometric analysis of Oct4 expression in H9 hESCs after culture on various hESCs-derived autogenic feeders in various concentrations of HS for various periods of time, as detailed in Materials and Methods.
(A) Representative photos of the morphology of H9 hESCs cultured on KFM combination-derived autogenic feeder (KFMdF). H9 hESCs were cultured on KFMdF and split every 7 days for three passages (3 weeks) in media containing HS (20%, 10% or 1%, respectively). H9 hESCs rapidly lost the typical hESCs morphology in higher concentrations of HS (20% and 10%), and maintained a relatively better morphology in 1% HS. (B) Flow cytometric analysis of the percentages of H9 hESCs expressing the stemness marker Oct4 after culture for three passages in various hESCs-derived autogenic feeders using different concentrations of HS (20%, 10% and 1%), compared with the culture in mouse embryonic fibroblast feeder. The bars represent mean + SD. The numbers in the graph represent the statistical significance (P-value). MEF, mouse embryonic fibroblast feeder; SR, Knockout Serum Replacement (Invitrogen); FBS, fetal bovine serum (Hyclone); HSdF, human serum-derived autogenic feeder; SRdF; serum replacement-derived autogenic feeder; KFMdF, KFM combination-derived autogenic feeder.
combinations of bFGF þ activin A or bFGF þ activin A þ noggin on KFMdF were as effective as the conventional hESCs culture (MEF þ 20% SR-containing medium) in the maintenance of hESCs self-renewal (Fig. 4A) . IF staining showed that the use of KFMdF in a medium containing 1% HS and the combinations of bFGF þ activin A þ noggin favorably maintained the expression of stem cell markers, including Oct4, SSEA4 and SOX2 (Fig. 4B) . After the formation of EBs and re-plating onto gelatinized culture dishes, the H9 hESCs previously grown on KFMdF with 1% HS þ bFGF þ activin A þ noggin spontaneously gave rise to cell types representing all three embryonic germ layers, including Sox1 þ neuroectodermal cells, Sox17 þ endodermal cells and brachyury þ mesodermal cells in vitro (Fig. 4C1-C3 ).
Additionally, they were able to form teratoma comprising cell lineages of three embryonic germ layers in vivo in NOD-SCID mice ( Fig. 4C4-C6 ).
Adaptation of H9 hESCs in a serum-containing medium
Since the data showed that H9 cells grew less favorably in media containing HS or FBS, presumably due to previous long-term culture in serum-free culture media, further experiments were carried out to test whether hESCs could be readapted to the serum-containing media. We first grew H9 cells in a medium containing 20% FBS and carefully selected and expanded those colonies which maintained typical undifferentiated hESCs morphology. Although the majority of H9 cells were unable to continue their growth or became differentiated during the adaptation period, we were able to isolate a small number of stable H9 colonies in the serum-containing culture environment without sign of differentiation after four consecutive passages. After the adaptation, the H9 hESCs became more flattened compared with the cells cultured in a serum-free environment ( Fig. 5A1 and A2) . However, the standard morphological characteristics of hESCs, including high nucleus/cytoplasm ratio and the stem cell marker expression (Oct4, SSEA3, SSEA4 and TRA-1-60) were well maintained ( Fig. 5A3-A6 ) after long-term culture in the FBS-containing medium. The adapted hESCs were then collected for further culture on HSdF and SRdF autogenic feeders in different serum-containing media (including 20% FBS, 20% HS, 10% HS and 5% HS) for 7 days and then tested. It was found that H9 hESCs grew favorably on HSdF using 20% FBS or a low concentration of HS (5%), as evidenced by the expression of a high level of Oct4 (Fig. 5B ). Higher concentrations of HS (10% and 20%) exerted a suppressive effect on Oct4 expression, although the percentages of cell expressing Oct4 remained .70%. The growth of H9 hESCs on SRdF using HS followed a trend similar to HSdF, although statistically even the use of lower concentration of HS (5%) did not reach an effect comparable with growth in 20% FBS (Fig. 5B) .
Discussion
This study confirmed that autogenic feeder cells could be derived from hESCs using media containing SR, HS or KFM combination. These feeders (HSdF, SRdF and KFMdF) expressed markers (CD 44 and 90) commonly expressed in human fibroblasts and were morphologically similar to MEF. Further examinations, however, revealed that these feeders actually belonged to different cellular subpopulations.
With respect to function, these autogenic feeders all favorably supported the growth of H9 hESCs in SR-containing media, when compared with the growth on MEF. However, the CM obtained from the autogenic feeders treated with SR-containing media did not support the self-renewal of H9 hESCs to the same effectiveness as the feeders per se. In addition, when using serum-containing media (FBS or HS), these autogenic feeders could not support H9 hESCs selfrenewal to the same level as MEF in SR-containing media, although a relatively lower concentration of HS (1%) seemed to function better. It was speculated that the adverse effect of serum might be due to the previous long-term culture of H9 hESCs in a serum-free medium and that this condition could be greatly improved after initial adaptation of the H9 hESCs in serum-containing environment for 1 month. Alternatively, this unfavorable serum effect could be effectively overcome by the supplement of bFGF, activin A and noggin in the serum-containing medium. This study clearly identified the capability of autogenic hESCs-derived feeder cells to support the H9 hESCs in an undifferentiated state.
One of the major issues in hESCs study is about the production of clinical-grade hESCs lines that can be used safely and effectively in future clinical application. Theoretically, clinical-grade hESCs should be derived and maintained in xeno-free culture conditions. For this purpose, human feeders (or better no feeder), the use of serum-free or HS-containing medium and the use of xeno-free chemicals are the essential criteria for practice. Culture of hESCs under such strict conditions can guarantee the safety for clinical use, including prevention of the transmission of xeno-derived pathogens and the undesirable immune reactions that may occur after transplantation. Human feeders including fetal and adult cells have been used successfully in maintaining the pluripotency of hESCs (Richards et al., 2002; Cheng et al., 2003; Hovatta et al., 2003; Choo et al., 2004) . However, the use of human feeders cannot completely exclude the possibility of allogeneic pathogenic contamination from the donor feeder cells. In addition, the sources of fetal or adult tissues are not stable and the cell numbers are frequently limited. These issues raise the necessity of identifying new and reassuring sources of human feeders. For this purpose, differentiated cells derived from hESCs are good candidate cells, since they have good proliferative and differentiating potential. In addition, their numbers are likely unlimited.
It has been reported that immortalized fibroblast-like cells could be derived from hESCs and that they could support the undifferentiated growth of hESCs in vitro (Xu et al., 2004) . Subsequently, autogenic feeder cells derived from hESCs, without the need for immortalization, could offer a secure and genetically homogeneous culture system for growing hESCs (Stojkovic et al., 2005; Yoo et al., 2005; Choo et al., 2008) . These reports were encouraging for the use of autologous feeder cells in culture, which greatly reduces the potential concerns of xeno-related adverse effects (Stojkovic et al., 2005; Yoo et al., 2005; Choo et al., 2008; Gonzalez et al., 2008) . However, the majority of the previously reported hESC-derived autogenetic feeders were established in media containing FBS, a condition that contradicted the goal of a serum-free and xeno-free culture environment (Xu et al., 2004; Stojkovic et al., 2005; Yoo et al., 2005; Choo et al., 2008) . We therefore carried out this project to explore the possibility of deriving autogenetic feeders from hESCs in either defined media or media containing HS. Three feeder types, HSdF, SRdF and KFMdF, have been successfully derived and are now continuously used in the maintenance of H9 hESCs in our lab. This study also confirmed the fibroblast-like behaviors of these feeders, when they were compared with MEF and HF, by evaluating the morphology and marker expression profiles. However, further detailed study revealed that HSdF, SRdF and KFMdF probably contained dissimilar cell subpopulations, based on the expression of CD markers, vimentin, SSEA1 and nestin. For example, SSEA1 was expressed in HSdF but not in SRdF and KFMdF. Although the expression of SSEA1 in HSdF suggested the involvement of trophectoderm lineage (Henderson et al., 2002; Harun et al., 2006) , the absence of Cdx-2 expression excluded this possibility (Beck et al., 1995; Adjaye et al., 2005) . The expression of Pax6 in KFMdF may indicate their neuroectodermal identity, as it has been recently reported that Pax6 is highly expressed in the hESC-derived early neural progenitors in serum-free conditions. These data therefore suggested that different culture conditions (using HS, SR or KFM combination) could produce autogenic feeders with grossly similar but molecularly dissimilar characteristics. At present, it remains unclear how far these subtle morphologic and marker differences among these autogenic feeders may affect their function in growing hESCs. However, the functional differences if they exist Figure 4 Evaluation of the effect of bFGF, activin A and noggin in overcoming the detrimental effects of HS on maintaining the pluripotency of H9 hESCs, as described in Materials and Methods.
The H9 hESCs were cultured on KFM combination-derived autogenic feeder (KFMdF) in a medium containing 1% HS supplemented with combinations of bFGF, activin A and/or noggin for three passages and then examined. (A) Flow cytometric analysis of the percentages of H9 hESCs expressing stemness marker Oct4 after culture on KFMdF in various combinations of bFGF (10 ng/ml), activin A (50 ng/ml) and/or noggin (100 ng/ml). F, bFGF; FN, bFGF þ noggin; FA, bFGF þ activin A; FAN, bFGF þ activin A þ noggin; MEF, mouse embryonic fibroblast feeder; SR, Knockout Serum Replacement (Invitrogen). The bars represent mean + SD. The P-values (statistical significance) between treatments are shown. (B) IF study of the H9 hESCs grown on KFMdF in a medium containing 1% HS, bFGF, activin A and noggin maintained the expression of pluripotency-related markers, Oct4 (red), SSEA4 (green) and SOX2 (green). Nuclei were counterstained with DAPI (blue). (C1-C3) Immunofluorescence study of the H9 hESCs previously grown on KFMdF in a medium containing 1% HS, bFGF, activin A and noggin could spontaneously differentiate into Sox1 should be minimal according to the data about growing H9 hESCs for 30 days in these feeders.
Previous reports have shown that MEF-derived CM using FBS could favorably support hESCs in an undifferentiated state (Xu et al., 2001; Richards et al., 2002; Brimble et al., 2004; Rosler et al., 2004; Xu et al., 2004) . However in contrast to the use of a serum-free medium (SR-containing medium), this study showed that the use of serumcontaining medium (FBS and various concentrations of HS) did not support the adequate expression of Oct4 in H9 hESCs. The likely explanation may be that although initially derived in an FBS-containing environment, the H9 hESCs have been maintained in a serum-free condition in this lab for a long period of time. This makes H9 hESCs behave differently from a line continuously maintained in serumcontaining media. It was suggested that an adaptation period might be necessary and this was confirmed because after a 30 day adaptation, H9 hESCs could be maintained favorably on the autogenic feeders using 1% HS. However, high concentrations of HS still exerted a less efficient effect on maintaining an undifferentiated status, when compared with FBS-CM. It was hypothesized that some unknown substance(s) might be present in HS that were detrimental to hESCs. These data in part agree with a previous report that showed differential gene expression signatures of hESCs cultured under serum-containing and serum-free media (Skottman et al., 2006) . However, an adaptation in serum-containing medium first, though meaningful in understanding the biology of these stem cells, may not be acceptable in the pursuit of an optimal culture condition. We therefore proceeded to improve the culture by supplementing growth factors in the HS-containing medium. It was found that the addition of bFGF, activin A and/or noggin in the medium containing a low concentration of HS could successfully maintain the pluripotency of H9 hESCs, comparable with the effect of MEF with an SR-containing medium. The addition of bFGF and activin A was especially effective, and noggin may play a relatively minor role in the present culture setup. The selection of these three growth factors is based on the previous reports about the effects of bFGF, noggin and the TGFb/activin/ nodal pathway on the maintenance of hESCs pluripotency (Beattie et al., 2005; Dravid et al., 2005; James et al., 2005; Vallier et al., 2005; Wang et al., 2005; Xu et al., 2005; Xiao et al., 2006; Yao et al., 2006; Navarro-Alvarez et al., 2008; Yocum et al., 2008) . The data about growth factor use, therefore, enhanced the function of a xeno-free culture for hESCs culture.
Taken together, the data shown in this study confirmed that the autogenic feeders including HSdF, SRdF and KFMdF could replace the use of MEF in growing hESCs. Since HSdF, SRdF and KFMdF are The H9 hESCs were first cultured on MEF feeder in a medium containing 20% FBS for 30 days. Subsequently, these hESCs were cultured on autogenic feeders (HSdF and SRdF) in a medium containing 1% HS, as described in Materials and Methods. (A) The morphology under a light microscope (1 -2) and the immunofluorescence staining (3 -6) against pluripotency genes (Oct4, SSEA3, SSEA4 and TRA-1-60) (FITC, green) of the H9 hESCs after adaptation. Nuclei were counterstained with DAPI (blue). (B) Flow cytometric analysis of the percentages of hESCs expressing Oct4 protein after culture on autogenic feeders (HSdF and SRdF) for 7 days using a medium containing FBS (20%) or various concentrations of HS (5%, 10% and 20%). The bars represent mean + SD. The numbers in the graph represent the statistical significance (P-value).
autogenic human cells and HS is xeno-free, it suggested that H9 hESCs (and hopefully also other hESCs lines) very likely could be maintained in a completely xeno-free condition, where all the other sources of chemicals including enzymes for splitting and the necessary growth factors (including bFGF, activin A and noggin) could be controlled. However, there are several issues related to this study that deserve further investigation. First, it is known that the SR used in this study contained animal substances and that HS is notoriously unstable from batch to batch. Therefore, it will be necessary to test humanderived SR, if available, for its effect on culture and/or to identify a more stable and standardized HS source. Therefore, a theoretically optimal culture setup for these autogenic feeders would be to collect and use the CM from these feeders with human-derived SR to culture the hESCs on a human extracellular matrix. However, before the good quality human-derived SR becomes available, highquality HS will be an alternative for this purpose. Secondly, our attempt in the current study was solely to demonstrate that a xenofree culture condition combining hESCs autogenetic feeders and animal serum-free culture medium could maintain the self-renewal of hESCs in vitro. Therefore, it cannot be claimed that the hESCderived autogenic feeders are proper candidates for xeno-free hESCs derivation, due clearly to the fact that these cells have previously been exposed to animal products during derivation. In addition, since cell lines that have been cultured in serum-containing medium may respond differently to HS from H9 cells that were routinely cultured in serum-free media, further study will be necessary to examine whether the positive effects of these autogenic feeders are also present on other hESCs lines, especially those previously cultured in serum-containing media.
It is concluded that autogenic feeder cells can be derived from hESCs. These feeder cells can effectively maintain H9 hESCs in an undifferentiated state in SR-containing media. In addition, the CM obtained from these cells has a similar though comparatively less powerful effect. However, the use of HS in culturing hESCs on these autogenic feeders may not be optimal, and an addition of certain growth factors such as bFGF, activin A and/or noggin will be necessary to achieve an effect comparable with MEF using an SR-containing medium. Therefore, further investigations into the use of human-derived SR, high-quality HS and human extracellular matrix will be needed, so that an efficient xeno-free culture without feeders (or a culture using the autogenic human feeders such as HSdF, SRdF and KFMdF) can produce clinical-grade hESCs for the purpose of future clinical application.
